Many intracellular pathogens invade cells via endocytic organelles and have adapted to the drop in pH along the endocytic pathway. However, the strategy by which the host cell counteracts this pathogen adaptation remains unclear. βγ-CAT is an aerolysin-like pore-forming protein and trefoil factor complex in the frog Bombina maxima. We report here that βγ-CAT, as a host-secreted factor with an intrinsic channel-forming property, is the first example of a molecule that actively neutralizes the acidification of endocytic organelles to counteract Listeria monocytogenes infection. Immunodepletion of endogenous βγ-CAT largely impaired the control of L. monocytogenes by frog cells. βγ-CAT elevates the pH of L. monocytogenes-containing vacuoles to limit the vacuole escape of L. monocytogenes to cytosol. Furthermore, βγ-CAT promotes intracellular L. monocytogenes clearance via autophagy and by that the nonlytic expulsion of the bacteria from host cells. Finally, βγ-CAT attenuated the dissemination of L. monocytogenes in vivo. These findings reveal a novel host strategy and effectors that combat pathogen adaptation to acidic conditions along the endocytic pathway.
Host-pathogen interactions involve a series of attacks and defenses. Many intracellular pathogens, including bacteria, viruses, and fungi, exploit cellular endocytic organelles to invade the host cell and have adapted to the intracellular drop in pH along the endocytic pathway to establish their niches and/ or to activate penetration [1] [2] [3] [4] . The host cell uses lysosome degradation, antimicrobial proteins and peptides, and reactive oxygen species to restrict and eliminate pathogenic microorganisms [5, 6] . However, pathogens have co-evolved with the host innate system to develop an intracellular lifestyle, even in professional phagocytes [7] [8] [9] . Uropathogenic Escherichia coli neutralizes the lysosomal pH to avoid degradation, and bacteria are expelled via exosomes [10] . Viruses are obligate intracellular pathogens, and many have adapted to intracellular compartment with low pH values to establish productive infection [2, 11] . The strategies and effectors for rapid, effective host defense against intracellular pathogen invasion are not completely understood [1] [2] [3] 12] .
Pore-forming proteins (PFPs), which can oligomerize and form pores in the cell membrane, are an ancient protein family present in all kingdoms of life. Pore-forming toxins (PFTs), a major class of PFPs, are produced by pathogenic bacteria for the purpose of invasion [13, 14] . Cholesterol-dependent cytolysins (CDCs) and aerolysins are 2 families of bacterial β-PFTs that insert into the cell membrane as β-barrels. Different PFTs generally lead to different pore diameters from approximately 1.5-2 nm for aerolysins to 30 nm for CDCs [15] . Interestingly, the vertebrate membrane attack complex of complements and perforins (MACPFs), 2 well-known host PFP systems, possesses remarkable structure similarity with bacterial CDCs in their membrane-insertion domains [16] . These host PFPs play a crucial role in the host immune system via direct killing of pathogens or lysis of pathogen-infected host cells [17] [18] [19] . The number of PFPs harboring an aerolysin-like membrane-insertion domain, namely aerolysin-like proteins (ALPs), identified in various plants and animals species, including vertebrates, is continuously increasing [20] . By contrast, studies of the functions and mechanisms of host-derived ALPs remain in their infancy.
The frog species Bombina maxima possesses an immune system similar to that of mammals [21] . A heteromeric protein previously identified and isolated from this frog consists of a βγ-crystallin fused ALP (α-subunit) and a trefoil factor (TFF) (β-subunit) and thus was named βγ-CAT to reflect its domain composition [22] . TFFs are highly conserved from frog to human [22] . These proteins are constitutively released within the mucosal layer, and emerging evidence suggests roles of these proteins in immune systems [23, 24] . It has recently been shown that βγ-CAT can activate the inflammasome, leading to the recruitment of innate immune cells to clear extracellular bacteria [25] .
Listeria monocytogenes is a gram-positive facultative intracellular bacterium that infects a wide range of animals, including frogs. Listeria monocytogenes preferentially invades epithelial cells and macrophages and eventually resides in them [26] . Here, using a L. monocytogenes model, we find that βγ-CAT modulates the acidification of intracellular organelles along the endocytic pathway to counteract L. monocytogenes infection.
MATERIALS AND METHODS

Animals
Frogs (B. maxima) with a mean body weight of 25 ± 5 g were caught in their natural environment. The frogs were placed into tanks filled with dechlorinated tap water between 20°C and 24°C for 1 week before the experiments. These tanks were equipped with 4 platforms, and 4 animals were placed into each tank. The frogs were fed live Tenebrio molitor. All procedures and the care and handling of animals were approved by the Ethics Committee of the Kunming Institute of Zoology, Chinese Academy of Sciences.
Infection of Frog Cells
Cells were infected with L. monocytogenes for 30 minutes at a multiplicity of infection (MOI) of 10 for peritoneal cells and a MOI of 100 for fibroblasts. The infected cells were washed and treated with 50 μg/mL gentamicin for 1 hour to kill all extracellular bacteria. Where indicated, βγ-CAT (10 nM) or anti-βγ-CAT rabbit antibody (15 µg/mL) was added to the medium at 1.5 hours postinfection and maintained throughout the duration of the experiment. Cells were washed 3 times with phosphatebuffered saline and lysed in 0.3% Triton X-100 at several time points. Serial dilutions were plated on Luria-Bertani agar overnight at 37°C to determine the intracellular bacterial burden.
Data Analysis
The survival rates of frogs were compared between groups by the Kaplan-Meier log-rank test. Graphs show the mean ± standard deviation of at least triplicate samples; at least 10 cells with 15 infected bacteria per cell, on average, were analyzed for each condition in every experiment. P values were calculated using a standard unpaired t test; differences with P < .05 were considered statistically significant. All statistical analyses were conducted using Prism 5 GraphPad software.
Additional Assays
Detailed descriptions of antibodies and reagents, bacterial strains and cells, bacterial expulsion and extracellular gentamicin protection assay, frog infection with L. monocytogenes, acidification measurements, RNA extraction and reverse-transcription polymerase chain reaction (RT-PCR), Western blotting, transmission electron microscopy, immunofluorescence, neutrophil count, cytotoxicity assay, antimicrobial assays, and infection of RAW 264.7 cells are provided in the Supplementary Materials.
RESULTS
Endogenous βγ-CAT Prevents L. monocytogenes Invasion
Both subunits of βγ-CAT were constitutively expressed in frog cells ( Figure 1A and Supplementary Figure 1A) . RT-PCR analysis demonstrated that the expression of βγ-CAT-α and βγ-CAT-β in frog peritoneal cells and fibroblast cells was significantly upregulated after L. monocytogenes infection ( Figure 1B and Supplementary Figure 1B ; P < .05). Endogenous βγ-CAT displayed a vacuole-like pattern in frog peritoneal cells after L. monocytogenes infection ( Figure 1C ). The number of βγ-CAT-containing vacuoles that were LAMP-1 positive in frog peritoneal cells significantly increased after L. monocytogenes infection ( Figure 1C ). βγ-CAT is a secreted protein that was previously identified in skin secretions of B. maxima [22] . We next investigated whether the endogenous βγ-CAT induced by L. monocytogenes infection formed a vacuole-like pattern via oligomerization. Western blotting demonstrated that L. monocytogenes infection promoted the secretion and oligomerization of βγ-CAT in frog peritoneal cells ( Figure 1D ). These results prompted us to investigate the role of βγ-CAT in defense against L. monocytogenes. To validate this hypothesis, a L. monocytogenes-infected frog cell model was employed. L. monocytogenes infected and subsequently replicated in frog peritoneal cells ( Figure 1E ). βγ-CAT did not exhibit direct antibacterial activity against L. monocytogenes, as determined by antibacterial assays (Supplementary Figure 1C and 1D) . Interestingly, βγ-CAT purified from skin secretions significantly improved the control of intracellular L. monocytogenes by frog peritoneal cells in a dose-dependent manner ( Figure 1E and Supplementary Figure 1E) . Importantly, the capacity of frog peritoneal cells to eradicate intracellular L. monocytogenes was robustly impaired by immunodepletion of endogenous βγ-CAT ( Figure 1F ). Collectively, these results suggest that βγ-CAT plays an important role in frog host-cell self-defense immunity against L. monocytogenes.
βγ-CAT Modulates the Acidification of L. monocytogenes-Containing
Vacuoles
Due to the vacuole-like pattern of βγ-CAT in host cells, we next determined if βγ-CAT exerts its function by targeting intracellular pathogen-containing vacuoles. To facilitate our study, purified βγ-CAT from frog skin secretions was used in the following assays. As expected, βγ-CAT-containing vacuoles were observed in frog peritoneal cells after treatment with βγ-CAT (Supplementary Figure 2A) . To identify these vacuoles, frog peritoneal cells treated with βγ-CAT were immunostained with Rab5 and Lamp-1, markers of early and late endosomes, respectively. These βγ-CAT-containing vacuoles were positive for Rab5 and Lamp-1 (Supplementary Figure 2B and 2C), suggesting that βγ-CAT was translocated to both the early endosome and late endosome after endocytosis. Given the pore-forming properties of βγ-CAT, we speculated that βγ-CAT may possess the capacity to modulate the pH of intracellular vacuoles. To confirm this hypothesis, frog peritoneal cells were treated with or without βγ-CAT after incubation with pHrodo red dextran, which has a pH-sensitive fluorescence emission that increases in intensity with increasing acidity. In cells treated with βγ-CAT, the red fluorescence in the endosome gradually decreased over time, indicating that βγ-CAT dissipated the acidification of pHrodo dextran-containing vacuoles (Figure 2A , left panel). Because pHrodo dextran primarily located in endosome after endocytosis, we next investigated the effect of βγ-CAT on phagosome acidification with pHrodo red-labeled zymosan bioparticles. Consistent with results in pHrodo dextran assay, phagosome acidification was disrupted after βγ-CAT treatment (Figure 2A, right panel) . Then, the cells were treated with 50 μg/mL gentamicin for 1 hour to kill all extracellular bacteria. The cells were subsequently cultured in growth medium containing βγ-CAT (10 nM) (E) or anti-βγ-CAT rabbit antibody (15 µg/mL) (F). The intracellular bacterial burden was determined 20 hours (E) or 4 hours (F) after bacterial infection. The results are reported as mean ± SD from 3 technical replicates. *P < .05 and **P < .01 by unpaired t test. All data shown are representative of 3 independent experiments. Abbreviation: CFU, colony-forming units.
We then determined if βγ-CAT disrupts the acidification of pathogen-containing vacuoles. The immunostaining results revealed that βγ-CAT co-localizes with LAMP-1-positive L. monocytogenes-containing vacuoles (LMCVs) ( Figure 2B ). In addition, the co-localization of βγ-CAT/LMCV significantly increased after βγ-CAT treatment ( Figure 2C ). Most of the LMCVs (70.4% ± 6.066%) in frog peritoneal cells were normally acidic 30 minutes after L. monocytogenes infection ( Figure 2D and 2E). By contrast, the acidification of LMCVs was significantly disrupted in the presence of βγ-CAT (P < .01). The treatment with βγ-CAT for 10 minutes did not increase the cytosolic escape of L. monocytogenes (Supplementary Figure 2D) , suggesting that the decreased co-localization of L. monocytogenes and LysoTracker induced by βγ-CAT is a result of neutralization of acidification of LMCVs. Listeria monocytogenes resides in a membrane-bound phagocytic vacuole before escaping into the cytosol [27] . Upon entry into the cytosol, cytosolic L. monocytogenes possesses actin "tails. " Therefore, vacuole-bound L. monocytogenes can readily be distinguished from cytosolic L. monocytogenes by staining for actin [28] . the increased autophagosomes induced by βγ-CAT co-localized with intracellular L. monocytogenes ( Figure 3D) , and autophagosome/L. monocytogenes co-localization significantly increased in the presence of βγ-CAT ( Figure 3E ; P < .01). The number of intracellular L. monocytogenes in βγ-CATtreated frog peritoneal cells increased in the presence of 3-MA ( Figure 3F ), an autophagy inhibitor, which did not show cytotoxic activity to frog cells (Supplementary Figure 3D) .
Consistent with the protective efficacy in frog peritoneal cells, βγ-CAT also promoted the control of L. monocytogenes in mouse macrophage RAW264.7 cells ( Figure 3G ). Knockdown of ATG5 with small interfering RNA attenuated the βγ-CATmediated control of L. monocytogenes in mouse macrophage RAW264.7 cells ( Figure 3H ). Taken together, these results suggest that autophagy triggered by βγ-CAT was involved in the control of L. monocytogenes by frog peritoneal cells. 
βγ-CAT Promotes the Expulsion of L. monocytogenes From Host Cells
Increasing evidence suggests that an impaired normal degradation pathway facilitates the expulsion of intracellular pathogens from host cells [10, 30, 31] . Therefore, we next investigated whether LMCVs with an elevated pH value induced by βγ-CAT were expelled by frog cells. The extracellular L. monocytogenes harvested from infected frog peritoneal cells and frog fibroblast cells in the presence of βγ-CAT exhibited resistance to gentamicin but became susceptible to gentamicin in the presence of 0.1% Triton X-100, indicating that these bacteria were surrounded by a membrane structure such as a vacuole ( Figure 4A ). Indeed, transmission electron microscopic images of extracellular L. monocytogenes collected from infected frog fibroblast cells showed a distinct membrane around the bacteria ( Figure 4B ). CD63, a marker of extracellular vesicles [32] , and βγ-CAT was detectable in extracellular LMCVs by immunofluorescence ( Figure 4C and Supplementary Figure 3A) . In addition, the number of CD63-positive extracellular LMCVs significantly increased in the presence of βγ-CAT ( Figure 4C and 4D ). In consistent with this observation, βγ-CAT treatment promotes the vacuolar expulsion of L. monocytogenes in frog peritoneal cells ( Figure 4E ; P < .01). The increased number of extracellular LMCVs was not a result of cell death because a lactate dehydrogenase release assay demonstrated that cell death was not markedly enhanced after infection with L. monocytogenes in the presence of βγ-CAT (Supplementary Figure 3B) . To identify the type of extracellular LMCVs, samples from the lysed extracellular LMCVs were evaluated by Western blotting ( Figure 4F ). Consistent with the results of immunofluorescence, the total CD63 and βγ-CAT in these expulsive vacuoles also increased in the presence of βγ-CAT. Surprisingly, the autophagy-associated membrane protein LC3B was also detected in extracellular LMCVs ( Figure 4F ). Miao et al recently demonstrated that autophagy is involved in the expulsion of pathogens from host cells [10] . Therefore, we next investigate the role of autophagy in βγ-CAT-induced vacuolar expulsion of L. monocytogenes. βγ-CAT-induced vacuolar expulsion of L. monocytogenes in frog peritoneal cells and frog fibroblast cells was markedly inhibited by 3-MA, an autophagy inhibitor ( Figure 4G and Supplementary Figure 3C) . The results presented above suggest that βγ-CAT promotes the nonlytic expulsion of intracellular L. monocytogenes via autophagy.
The Dissemination of L. monocytogenes Is Attenuated by βγ-CAT In Vivo
The escape of pathogens from host cells contributes to their dissemination in the host [33] . Bacteria utilize this strategy to infect neighboring cells and disseminate to other tissues. Because the L. monocytogenes in extracellular vacuoles was live (Figure 4) , we did not know if the expulsion of L. monocytogenes induced by βγ-CAT is advantageous to the host against infection. Thus, we next investigated the role of βγ-CAT in antimicrobial immunity using a L. monocytogenes-infected B. maxima model. Frogs were infected with L. monocytogenes by intraperitoneal injection. The survival of L. monocytogenesinfected frogs significantly improved after a single dose of βγ-CAT ( Figure 5A ; P < .001). Consistent with the improved survival of the frogs, the bacterial burdens in peritoneal cells and splenocytes significantly decreased in the βγ-CAT-treated group compared with the vehicle-treated group ( Figure 5B-D; P < .05), suggesting that the multiplication and dissemination of L. monocytogenes in vivo was inhibited in the presence of βγ-CAT. Macrophages and neutrophils are the main phagocytes in the innate immune system and quickly eliminate invading pathogens. Listeria monocytogenes preferentially infect epithelial cells and macrophages [2] . It is difficult for macrophages to eradicate invading L. monocytogenes quickly; some studies have demonstrated that neutrophils play a pivotal role in host immunity against L. monocytogenes [34, 35] . Therefore, we next investigated whether neutrophils are involved in βγ-CAT-mediated control of L. monocytogenes. RT-PCR analysis demonstrated that βγ-CAT upregulates the expression of interleukin 8 (IL-8), a specific chemokine for the recruitment of neutrophils, in frog peritoneal cells ( Figure 5E ). In line with this observation, the protein level of IL-8 in frog peritoneal lavage was markedly elevated after βγ-CAT treatment ( Figure 5F ). Importantly, an increased number of neutrophils at site of infection was detectable after βγ-CAT treatment ( Figure 5G ). Collectively, these results suggest that βγ-CAT protects frogs against L. monocytogenes infection in vivo.
DISCUSSION
Because pH dependence is a common adaptation shared by many intracellular pathogens for penetration [1] [2] [3] [4] , there should be host means and effectors to counteract pH-dependent pathogen invasion, most likely through the modulation of endocytic pathway acidification. In this study, we reveal that βγ-CAT, a host-secreted protein complex, is the first example of an endogenous factor that actively modulates the acidification of endocytic organelles and triggers autophagy activation to eradicate and expel intracellular pathogens. Vertebrate PFPs were usually found in specific cell types such as perforin-1 in cytotoxic T-lymphocyte and natural killer cells [36] . By contrast, the expression of βγ-CAT is detectable in various frog cells, including peritoneal cells, epithelial cells, and fibroblast cells ( Figure 1A and Supplementary Figure 1A) . Immunodepletion of βγ-CAT impaired the capacity of frog peritoneal cells eradicating intracellular L. monocytogenes ( Figure 1F ). We showed previously that the concentration of βγ-CAT in frog peritoneum fluids with or without bacterial infection was 46.1 nM and 5.3 nM, respectively [25] . Consistent with its physiological concentration, βγ-CAT at the concentration of 10 nM promotes L. monocytogenes clearance (Figure 1) . Although there is an increase in both α-subunit and β-subunit of βγ-CAT in the supernatant and an increased oligomerization of βγ-CAT in the cell lysate after L. monocytogenes infection, little β-subunit of βγ-CAT is detectable in the cells lysate ( Figure 1D ). This observation is consistent with our previous study in that the β-subunit of βγ-CAT is not detectable in the oligomer [22] , indicating that the β-subunit of βγ-CAT is most likely responsible for binding to cells via receptor(s). There is the oligomer form of βγ-CAT already present in the Western blot at 10 minutes with no L. monocytogenes infection ( Figure  1D, lower panel) . In addition to playing a role in antimicrobial immunity, βγ-CAT may exert multiple physiological function through its oligomerization, which may explain the presence of βγ-CAT oligomer in frog peritoneal cell without L. monocytogenes infection.
PFTs, a specific class of pathogen-derived PFPs, are important components of the pathogen virulence arsenal [13, 14] . Listeriolysin O (LLO) is a member of the MACPF/CDC family, which is required for L. monocytogenes escaping from internalization vacuoles and cell-to-cell spreading. LLO has an acidic triad in the transmembrane domain that triggers premature unfurling of LLO at neutral pH, thereby allowing pore formation to occur mainly at acidic pH [27, 37] . Interestingly, βγ-CAT The results are reported as the mean ± SD of triplicate samples. *P < .05 and ***P < .001 by unpaired t test. F, Frogs were intraperitoneally injected with βγ-CAT (30 µg/kg) with or without L. monocytogenes. Four hours later, the frog peritoneal fluids were harvested by 2 mL of 0.9% sodium chloride and concentrated to 100 μL by lyophilization. The protein level of IL-8 in the frog peritoneal fluids was assessed by Western blotting. G, Number of neutrophils was numerated in frog peritoneal lavage. The results are reported as mean ± SD from 4 frogs per group. **P < .01 and ***P < .001 by unpaired t test All data are representative of at least 2 independent experiments. Abbreviation: CFU, colony-forming units.
disrupted the acidification of intracellular LMCVs, but did not promote the translocation of L. monocytogenes into the cytosol (Figure 2 and Supplementary Figure 2) . These events may inhibit or attenuate the activity of LLO, and facilitate subsequent cellular actions to eradicate invading pathogens, revealing a novel mechanism by which hosts combat the adaptation of pathogen PFTs to host-cell acidic environments in the endocytic pathway.
Lysosome degradation is believed to play a central role in intracellular pathogen clearance [5, 38] . βγ-CAT disrupted the acidification of intracellular LMCVs ( Figure 2D ), indicating that the malfunctioning LMCVs could not be eradicated by normal lysosome-mediated degradation pathway. Autophagy is a highly conserved catabolic process that involves the formation of double-membrane vesicles, named autophagosomes, which sequester cytosolic components and deliver them to the lysosome for degradation [38] . Autophagy can be activated by various stress stimuli [5, 38] , and βγ-CAT-triggered autophagy activation was observed (Figure 3 ). After endocytosis, βγ-CATcontaining vacuoles with elevated pH were observed (Figure 2 ). These specifically modified vacuoles might be viewed by cells as a "stress" or "danger" signal to induce autophagy and therefore promote intracellular L. monocytogenes clearance. In addition to its role as a canonical lysosome-related digestive process, autophagy may also lead to the secretion/expulsion of cytoplasmic constituents [39, 40] . Nonlytic expulsion of pathogens by host cells, including phagocytic cells, has also been reported [10, 30, 31, 41] . Neutralization of the acidification of pathogen-containing vesicles also increases expulsion, and the pathogen expulsion was often assumed to be a pathogen-driven mechanism for spreading [10, 30, 31, 33] . In our study, after the neutralization of LMCV acidification by βγ-CAT, expulsion of L. monocytogenes by frog peritoneal cells was observed (Figure 4) . Interestingly, βγ-CAT provided protection to frogs against L. monocytogenes infection ( Figure 5 ), suggesting that the vacuolar bacterial expulsion induced by βγ-CAT is a host response to restrict L. monocytogenes infection in vivo. In addition, an autophagy inhibitor, 3-MA, impaired the bacterial expulsion induced by βγ-CAT, suggesting that autophagy is involved in this process ( Figure 4G ). This is consistent with previous research in which autophagy is critical for nonlytic expulsion of uropathogenic E. coli by bladder epithelial cells [10] . However, ATG5-dependent control of Mycobacterium tuberculosis in mice is not associated with autophagy, but rather neutrophil recruitment [42] . Increased neutrophil recruitment at site of infection was detectable after βγ-CAT treatment ( Figure 5G ). The Eric Pamer group has clearly shown that monocytes recruited to the infection site via CCR2-CCL2 are important to control L. monocytogenes infection [43] . We previously demonstrated that βγ-CAT can activate the inflammasome, leading to the recruitment of cells with monocytic morphology to clear extracellular bacteria [25] . Thus, the protection to frogs against L. monocytogenes infection may be primarily driven by βγ-CAT-induced monocytes and neutrophil recruitment.
Based on our data, a possible mode of action of βγ-CAT in helping host cells clear invading L. monocytogenes is proposed ( Figure 6 ). In the classic pathway, L. monocytogenes is degraded by normal lysosomes. Alternatively, intracellular LMCVs may fuse with βγ-CAT-containing vacuoles, resulting in the neutralization of acidification of LMCVs and the limitation of cytosolic escape of L. monocytogenes. In the presence of βγ-CAT, the malfunctioning LMCVs were degraded by autophagymediated lysosome degradation, and also were expelled by frog cells (Figure 6 ). The interactions among βγ-CAT, LMCVs, and the autophagy pathway, as well as their mechanisms inside the cell, merit further investigation.
In conclusion, the present work highlights the capacity of βγ-CAT, a complex of an aerolysin-like pore-forming protein and a trefoil factor with intrinsic channel-forming properties, to neutralize the acidification of endocytic organelles. In combination with the activation of autophagy, the action of βγ-CAT leads to the control and expulsion of invading pathogens. These events play an important role in helping host cells rapidly and effectively clear invading pathogens, leading to restriction and attenuation of infection in vivo.
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